The dnaK gene of an ammonia-oxidizing bacterium, Nitrosomonas europaea, was cloned and sequenced. It was found that the dnaK gene product was highly homologous to previously analyzed dnaK gene products from other organisms at the amino acid level. Two partial open reading frames located upstream and downstream of the dnaK gene were also found and identified as grpE and dnaJ genes, respectively, by the predicted amino acid homology of their gene products to other bacterial GrpE and DnaJ proteins. Transcription of the dnaK gene was strongly induced by a heat shock from 30 to 37°C. An analysis of the expression of the dnaK gene fused to the lacZ translational reporter gene also showed eightfold increase in ␤-galactosidase activity after the heat shock induction. Heat-inducible transcription start sites of the dnaK gene, revealed by primer extension analysis, were located 16 and 17 nucleotides upstream from the translational start codon of the dnaK gene, and the predicted promoter sequence showed a homology to the consensus sequence of 32 -dependent heat shock promoters of gram-negative bacteria. The upstream region of the dnaK gene did not contain the inverted repeat structure that was involved in the regulation of the heat shock gene of several gram-negative and gram-positive bacteria. Therefore, we conclude that the heat shock regulatory mechanism of the N. europaea dnaK gene may be similar to the 32 -dependent mechanism observed in other gram-negative bacteria.
Heat shock proteins are those that are inducibly synthesized when cells are exposed to heat shock or environmental stress. These proteins are evolutionary conserved, and many of them play important roles in assisting the folding, assembly, degradation, and translocation of proteins not only under stress conditions but also under normal growth conditions (21, 29) . Recently, regulation mechanisms for controlling the expression of bacterial heat shock genes have been reported. In gram-negative bacteria, the heat shock response is regulated transcriptionally by the alternative sigma factor ( 32 )-mediated mechanism (6, 17, 20, 35, 36, 56) and/or conserved inverted repeat structure-mediated mechanism (1, 47) .
The ammonia-oxidizing bacterium Nitrosomonas europaea is an obligately aerobic chemoautotroph that depends on the oxidation of ammonia to nitrite for growth (55) and belongs to the gram-negative ␤ subdivision of the class Proteobacteria (54) . Ammonia is initially oxidized to hydroxylamine by ammonia monooxigenase (AMO) as follows: NH 3 ϩ O 2 ϩ 2H ϩ ϩ 2e Ϫ 3 NH 2 OH ϩ H 2 O. The subsequent oxidation of hydroxylamine to nitrite is catalyzed by hydroxylamine oxidoreductase as follows: NH 2 OH ϩ H 2 O 3 NO 2 Ϫ ϩ 5H ϩ ϩ 4e Ϫ . Two of the four electrons generated by the hydroxylamine oxidoreductase-mediated second reaction are required to maintain steady-state AMO activity, and the remaining two electrons are used for ATP synthesis through a conventional electron transport chain (55) . N. europaea is found in diverse aerobic environments such as soil, freshwater, and seawater and plays an important role in removing ammonia in wastewater treatment plants and sewage disposal systems. Ammonia is oxidized to nitrite by nitrifying bacteria (ammonia-oxidizing bacteria and nitrite-oxidizing bacteria), and the resulting nitrate (nitrite) is then reduced to molecular nitrogen that can be produced by denitrifying bacteria (40) .
The nitrification of ammonia by ammonia-oxidizing bacteria is particularly susceptible to inhibition by several environmental stress conditions such as a wide range of compounds, light, pH shifts, and temperature shifts (5, 24) . This causes serious problems for the effective oxidation of ammonia in wastewater. We suspect that heat shock proteins play an important role in their own protection when the nitrifying bacteria are exposed to sublethal stresses such as enzyme inhibition or protein inactivation. However, the heat shock stress and/or other stress responses in N. europaea are still unclear.
In this paper, we describe the cloning and sequencing of the dnaK gene of N. europaea. DnaK (HSP70) is one of the heat shock proteins, and members of the DnaK family have been highly conserved during evolution (3, 14) . DnaK primarily controls protein folding as a chaperone together with the cochaperones DnaJ and GrpE (21, 29) . We demonstrate the presence of a predicted functional heat shock promoter, similar to the 32 promoters of other gram-negative bacteria, upstream from the dnaK gene.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. N. europaea IFO14298 (ATCC 19178) was used in this study and was grown aerobically at 30°C in P medium (27) under dark conditions. A solid medium for N. europaea was prepared by adding 1.2% Gellan gum (Wako Pure Industries Co.) to P medium (50) . For recombinant strains of N. europaea, kanamycin was added into the medium at a final concentration of 25 g/ml. Escherichia coli DH5 (43) was grown at 37°C in Luria-Bertani medium (43) with required antibiotics (ampicillin [100 g/ml] and kanamycin [25 g/ml]) when necessary.
DNA manipulation. Chromosomal DNA of N. europaea was prepared by the phenol-chloroform extraction method (30) . Plasmid isolation from E. coli and N. europaea was performed by the alkaline-lysis method (43) . Restriction enzyme and alkaline phosphatase reactions for gene manipulation were performed with enzymes from Toyobo Co. under the conditions recommended by the supplier. PCR was performed in a volume of 50 l with a set of oligonucleotide primers (100 pM) and a GeneAmp PCR reagent kit with AmpliTaq DNA polymerase (Perkin-Elmer) under the following reaction conditions: 94°C for 0.5 min, 55°C for 1 min, and 72°C for 1.5 min (25 cycles).
DNA probes. When PCR was carried out with N. europaea chromosomal DNA (0.5 g) as a template and a set of oligonucleotide primers (NDK-N,
TT-3Ј) for two regions highly conserved in HSP70 homologs (16) , strong and specific amplification of an expected 0.65-kb fragment was observed. The 0.65-kb fragment was isolated from an agarose gel and purified as a DNA probe named NDK065. The purified DNA fragment was labeled with digoxigenin-modified nucleotide by the random-primer method (15) using a DIG DNA labeling kit (Boehringer Mannheim).
Southern hybridization. N. europaea chromosomal DNA (3 g) was digested with restriction enzymes and separated on 0.8% (wt/vol) agarose gel. The DNA was transferred to a nitrocellulose membrane (NitroPlus; Micron Separation Co.) and hybridized to the digoxigenin-labeled NDK065 probe in the hybridization buffer (5ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 0.1% N-lauroylsarcosine-Na salt, 0.02% sodium dodecyl sulfate [SDS] , and 1% blocking reagent [Boehringer Mannheim]) at 68°C for 12 h. The filter was washed twice with 2ϫ SSC containing 0.1% SDS at room temperature for 20 min and then washed twice with 0.1ϫ SSC containing 0.1% SDS at 68°C for 20 min. Hybridization patterns were detected by a colorimetric reaction with a DIG detection kit (Boehringer Mannheim).
Cloning of the dnaK gene. N. europaea chromosomal DNA (10 g) was digested with a restriction enzyme and size fractionated by agarose gel electrophoresis. The fractions containing the desired DNA fragments were then electroeluted from the gel and ligated with pUC19 (57). After transformation into E. coli DH5, the resulting library was screened by colony hybridization with the digoxigenin-labeled NDK065 probe. Hybridization, washing, and detection were performed as described above for Southern hybridization.
DNA sequencing analysis. The nucleotide sequence was determined by the dideoxy chain termination method (44) with a BcaBEST sequencing kit from Takara Shyuzo Co. Sequence determination by fluorescence analysis was carried out with a FMBIO-100 fluorescent image analyzer (Hitachi Software Engineering Co.). All sequence comparisons were done through an e-mail server by using the BLAST program from the National Institute of Genetics with sequences from the DDBJ and GenBank databases.
RNA isolation. N. europaea cells were harvested by filtration using a membrane filter (catalog no. GSWP04700; Millipore) when the NO 2 Ϫ concentration in the culture broth was approximately 5 mM. The cells were resuspended in fresh P medium at a final A 660 of approximately 2. The cell suspension was transferred into the culture bottles and incubated aerobically at 30°C for 1 h in the dark. The culture bottles were transferred to a water bath at 37°C and continued to incubate aerobically for 10 to 120 min. The cells were collected by centrifugation at 12,000 ϫ g for 5 min at 4°C. The total RNA was prepared from the cell pellet by the method of Chomczynski and Sacchi (11) with an ISOGEN kit (Nippon Gene Co.).
Northern hybridization. The total RNA of 10 g was separated on formaldehyde agarose gel and transferred to a nylon membrane (Hybond-N; Amersham). The RNA was hybridized to the digoxigenin-labeled NDK065 probe in a hybridization buffer (5ϫ SSC, 0.1% N-lauroylsarcosine-Na salt, 7% SDS, 50% formamide, 50 mM sodium phosphate buffer [pH 7.0], and 2% blocking reagent [Boehringer Mannheim]) at 42°C for 16 h. Washing and detection were performed as described above for Southern hybridization.
Primer extension analysis. The transcriptional start site was determined by primer extension analysis using the 5Ј-rhodamine-labeled oligonucleotide 5Ј-G TTGGTAGTCCCAAGGTCGATGCC-3Ј, which complements nucleotides 16 to 39 of the dnaK gene. Primer (1 pmol) was annealed to 10 g of total RNA in 20 l of annealing buffer (10 14 mg/ml]) (60 l) and 1 U of RNase inhibitor derived from human placenta (Toyobo Co.) were added into the annealing mixture, and the oligonucleotide was extended at 37°C with 40 U of avian myeloblastosis virus reverse transcriptase (Seikagaku Co.) for 1 h. The extension product was analyzed on a 6% polyacrylamide-urea sequencing gel together with a dideoxy sequencing reaction mixture with the same primer.
Construction of translational fusion. A region of the IncQ plasmid pKT240 (2) essential for replication was obtained as a 5.8-kb PvuII-PstI fragment. The 5.8-kb fragment was ligated with a PstI-PvuII-treated 1.2-kb fragment, containing a Tn903-derived kanamycin acetyltransferase-encoding gene (kat), obtained by PCR amplification using 1 ng of pHSG296 as the template DNA with primers 5Ј-GGCTGCAGGATCCAGCCAGAAAGTGAGGG-3Ј and 5Ј-GGCAGCTG CCGTCCCGTCAAGTCAGCG-3Ј, corresponding to nucleotides 59 to 78 and 1202 to 1183, respectively, in the published pHSG296 sequence (51) . The resulting plasmid was named pKKM712. To prevent readthrough from the upstream region of a reporter gene, a 0.3-kb fragment containing the 5S rRNA rhoindependent terminator from E. coli was introduced into PstI-digested pKKM712, resulting in pKTK40. The 0.3-kb fragment was obtained by PCR amplification with 1 ng of pKK233-3 (9) as the template DNA and primers 5Ј-GGATGCATGCGAGAGTAGGGAACTGCC-3Ј and 5Ј-GGCTGCAGCAT GCGACAGGAAGAGTTTGTAGAAACGC-3Ј, corresponding to nucleotides 6588 to 6609 and 6847 to 6823, respectively, in the published sequence (8) , and digested by EcoT22I and PstI before use. The lacZ gene, which is missing the first 7 amino acid residues, was obtained by PCR amplification of a 3.1-kb fragment by using 1 g of E. coli K-12 chromosomal DNA with primers 5Ј-GGCTGCA GCCGTCGTTTTACAACGTCG-3Ј and 5Ј-CCATGCATACGGGCAGACAT GGCCTGCCCGG-3Ј, corresponding to nucleotides 1308 to 1327 and 4389 to 4365, respectively, in the published lacZ sequence (26) . The amplified fragment was digested by EcoT22I and PstI and ligated with PstI-digested pKTK40, yielding pKLAC726. A 0.62-kb EcoRI fragment containing the dnaK promoter and dnaK-coding regions from pNEK10 was cloned into EcoRI-digested pUC19 to generate a 0.62-kb PstI-EcoT22I fragment containing the dnaK promoter and dnaK-coding regions. The resulting plasmid was named pNEK12. Translational fusion pKLAC728 was constructed by ligation of the 0.62-kb PstI-EcoT22I fragment from pNEK12 to PstI-digested pKLAC726, which allowed in-frame translational fusion to ␤-galactosidase. The construction scheme is shown in Fig. 1 .
Introduction of plasmid into N. europaea. pKLAC726 was introduced into N. europaea by the electroporation method as follows. When the NO 2 Ϫ concentration in the culture broth was approximately 5 mM, the culture broth was immediately placed on ice and cells were harvested by filtration using a membrane filter (catalog no. GSWP04700; Millipore). The cells were washed three times with a sterile 10% glycerol solution and resuspended in the same solution at a final A 660 of approximately 10. The cell suspension (50 l) was placed in a prechilled electroporation cuvette, and plasmid DNA was added. The cuvette was kept on ice for 10 min and then placed in the electroporation apparatus. Electroporation was carried out at 12.5 kV/cm, 25 mF, and 200 ⍀ with a Gene Pulser electroporation apparatus from Bio-Rad laboratories. After the discharge, 1 ml of P medium was added directly to the cuvette. The suspension was transferred to a test tube and incubated at 30°C for 3 days with shaking under dark conditions. The cells were plated onto a P-Gellan plate containing kanamycin (25 g/ml) and incubated at 30°C for 2 weeks under dark conditions.
Assay of lacZ translational fusion expression. N. europaea(pKLAC728) was cultivated in P medium containing kanamycin (25 g/ml). Cells were harvested by filtration using a membrane filter (catalog no. GSWP04700; Millipore) when the NO 2 Ϫ concentration in the culture broth was approximately 5 mM. The cells were resuspended in 100 ml of fresh P medium containing kanamycin (25 g/ml) at a final A 660 of approximately 0.05. Following 4 h of incubation at 30°C, cells were harvested and resuspended in fresh P medium at a final A 660 of approximately 5. Individual 50-l portions of the cell suspension were transferred to test tubes with 5 ml of fresh P medium containing kanamycin (25 g/ml) and incubated at 37°C, while a control culture was incubated at 30°C. An aliquot of the culture was used to determine ␤-galactosidase activity. ␤-Galactosidase activity was assayed as described by Miller (33) , except that the Z buffer containing SDS (50 g/ml), instead of drops of SDS solution and chloroform was used to permeabilize cells.
Nucleotide sequence accession number. The nucleotide sequence reported here has been deposited in the DDBJ, GenBank, and EMBL databases (accession no. AB001079).
RESULTS
Isolation of the dnaK gene from N. europaea. N. europaea chromosomal DNAs were digested individually with restriction enzymes BamHI, HindIII, KpnI, and SalI. The digested DNA was separated by agarose gel electrophoresis, transferred to a nitrocellulose membrane, and used for Southern hybridization analysis with the digoxigenin-labeled NDK065 probe. For each digestion, only a single band hybridized with the probe. The band sizes were Ͼ20 kb for BamHI and SalI, 15 kb for HindIII, and 11.5 kb for KpnI. This result indicates that N. europaea likely contains a single copy of a gene that has homology to the dnaK (hsp70) homolog.
N. europaea chromosomal DNA was digested again with KpnI and size fractionated by agarose gel electrophoresis. DNA fragments from 10 to 12 kb were then electroeluted and ligated with KpnI-digested pUC19. Following transformation into E. coli DH5, the resulting genomic library was screened by colony hybridization with the NDK065 probe. As a result of the screening, six transformants that reacted to the probe were obtained from among the 800 colonies of the genomic library. All plasmids isolated from the positive transformants contained the same 11.5-kb KpnI fragment, with four of them in one orientation (pNEK10) and two in the other orientation (pNEK20). We used the plasmid pNEK10 for the following experiments. Figure 2 shows a restriction map of the 11.5-kb fragment from pNEK10. In order to clarify the region that reacts with the NDK065 probe in the fragment, PCRs were performed with the primers used for the preparation of the NDK065 probe (NDK-N and NDK-C) and universal primers M13-47 and RV-M (Toyobo Co.). When the primer pairs NDK-N-M13-47 and NDK-C-RV-M were used, 3.5-and 8.6-kb PCR products were obtained, respectively. No PCR product was observed when PCR was performed with the primer pairs NDK-C-M13-47 and NDK-N-RV-M. These results indicate that the region that reacts with the probe is located approximately 8.0 to 8.6 kb downstream from KpnI site 1, as shown in Fig. 2 . Because the dnaK genes reported previously consist of approximately 1.9 kb, it is conjectured that the N. europaea dnaK gene is located in a 2.6-kb region between EcoRI site 5 and HindIII site 2, as shown in Fig. 2.   FIG. 1 . Construction of expression vector pKLAC728 containing the dnaK-lacZ translational fusion gene. A 1.2-kb fragment containing the kat gene (kanamycin acetyltransferase-encoding gene) (shaded region), a 0.3-kb fragment containing the 5S rRNA rho-independent terminator (striped region), and a 3.1-kb fragment containing the lacZ gene, which is missing the first 7 amino acid residues (open region), were obtained by PCR. A 0.65-kb PstI-EcoT22I fragment containing a 5Ј-flanking region of dnaK (crosshatched region) and a dnaK-coding region (solid region) was obtained from pNEK12, which was constructed by cloning a 0.65-kb EcoRI-EcoT22I fragment from pNEK10 in pUC19. The partial nucleotide sequence of the dnaK-lacZ translational fusion gene and deduced amino acid sequence of the gene product are indicated. The numbers below the amino acid sequence are the amino acid residue numbers of DnaK and LacZ proteins.
Nucleotide and encoded amino acid sequences. (14) , and between 69.3% (Haemophilus influenzae; accession no. U00082) and 73.9% (E. coli) (3) identity to that from various ␥-subdivision Proteobacteria. A sequence of four amino acids found specifically in DnaK proteins from ␤-and ␥-subdivision Proteobacteria was also found at positions 208 to 211 (Ala-Glu-Val-Glu) in the N. europaea DnaK sequence. These results support the finding of molecular evolutionary studies by Falah and Gupta that there is a close relationship between DnaK proteins of ␤-and ␥-subdivision Proteobacteria (14) .
A second open reading frame that did not start in the 2.6-kb EcoRI-HindIII region was detected upstream of the dnaK gene (4, 38) , indicating that the open reading frame encodes the dnaJ gene of N. europaea. A similar gene organization, grpE dnaK dnaJ, has been described for several gram-positive bacteria (37, 39, 53) , but this is a rather rare case in gram-negative Proteobacteria. In these bacteria, the grpE gene is separated from the dnaK dnaJ cluster (10, 41, 42, 47) with only one exception, found in the case of Francisella fularensis (59) .
An inverted repeat structure was found between the dnaK and dnaJ genes. The structure had a free energy of Ϫ107.5 kJ/mol and was followed by a sequence containing several A's and T's, indicating that it may be a putative rho-independent transcription terminator.
mRNA analysis of the dnaK gene. Northern blot analysis of RNA isolated from N. europaea, performed with the NDK065 probe after a heat shock from 30 to 37°C, revealed that the dnaK gene was transcribed as a 2.1-kb mRNA and smaller transcripts in a wide range of sizes (approximately 0.8 to 1.2 kb), as shown in Fig. 4 . The specific signals for the dnaK gene were not detected under the experimental conditions at 30°C. The amount of transcripts increased within 10 min and reached a maximum level after 60 min of heat shock. These results indicate that the N. europaea dnaK gene is a typical heat shock gene and its expression is regulated transcriptionally. The 2.1-kb transcript could correspond by length to the complete dnaK gene, but the smaller transcripts could not be coded for by it. The smaller transcripts seemed to be degradation products of the complete transcript or premature termination products.
Induction of the dnaK-lacZ fusion. Translational fusion of the lacZ gene to the dnaK gene and its 5Ј-flanking region would allow monitoring of the enhancement of DnaK protein synthesis under heat shock conditions through the detection of ␤-galactosidase activity. pKLAC728 containing the dnaK-lacZ fusion gene was introduced into N. europaea, and the resulting recombinant strain was used to study the heat shock response of the dnaK gene. By upshift of temperature from 30 to 37°C, ␤-galactosidase specific activity was enhanced eightfold compared with that of the control culture (Fig. 5) . This result indicated that the DnaK protein could behave as a functional heat shock protein in N. europaea and a heat shock promoter should be located in the 5Ј-flanking region of the dnaK gene.
Determination of the transcription start site of the dnaK gene. The transcription start site of the dnaK gene was determined by primer extension analysis with the K337 primer complementary to the 5Ј end of the dnaK gene and total RNA from N. europaea cells under heat shock (37°C) and non-heat shock (30°C) conditions. Two transcription start sites, different from each other by 1 nucleotide, were found in front of the dnaK gene in the heat shock-induced cell, as shown in Fig. 6 able extension product was identified in RNA from cells grown at 30°C.
The sequence upstream of the transcription start sites revealed a predicted promoter sequence, CTTGA-15 bp-CCCC ATTTA (positions Ϫ35 and Ϫ6), which had homology to the Ϫ10 and Ϫ35 promoter elements present in 32 -dependent promoters of ␣-and ␥-subdivision Proteobacteria such as E. coli (12) and Caulobacter crescentus (41) , rather than to that in 70 -dependent promoter sequences (13) , as shown in Fig. 7 . There was no sequence that had a significant homology to other promoter sequences identified in N. europaea (7, 22, 45) . No inverted repeat structure was found around the transcription start sites.
DISCUSSION
The analysis of the heat shock gene of N. europaea presented here is part of an effort to understand the function and role of heat shock proteins in ammonia-oxidizing bacteria. This paper is the first report on the DNA sequence and regulation analysis of heat shock genes of ammonia-oxidizing bacteria.
mRNA analysis revealed that the 2.1-kb transcript was synthesized under heat shock conditions. The distance from the transcription start sites to the predicted terminator of the dnaK gene is approximately 2,070 bp, indicating that the dnaK gene is transcribed as a 2.1-kb monocistronic messenger. This result differs from the cases of several gram-negative Proteobacteria and gram-positive bacteria in which the dnaK genes are cotranscribed with grpE and/or dnaJ genes as an operon (37, 39, 41, 42, 47, 53) . Determination of the complete nucleotide sequence of the grpE and dnaJ genes and transcriptional analysis are currently being conducted to examine the regulation mechanism of these genes.
A plasmid containing the IncQ replication function is known Total RNA isolated from cells at 30°C and at 60 min after a temperature shift from 30 to 37°C was hybridized with a 5Ј-rhodamine-labeled primer complementary to the 5Ј region of the dnaK gene. The resulting annealing mixture was extended with an avian myeloblastosis virus reverse transcriptase, and the extension products were analyzed on a 6% polyacrylamide sequencing gel. The transcriptional start sites and the corresponding Ϫ10 promoter sequence are indicated by arrows and a box, respectively. The letters A, G, C, and T above the lanes represent products of the sequencing reaction obtained by using the same primer.
FIG. 7.
Comparison of Ϫ35 and Ϫ10 sequences of the N. europaea dnaK gene (underlined), the 32 consensus sequences of C. crescentus (41) and E. coli (12) , and the 70 consensus sequence of E. coli (13) .
to be a wide-host-range multicopy plasmid (10 to 20 copies per cell) in gram-negative bacteria (34) and some gram-positive bacteria (19 (23) . Recent genetic studies have indicated the existence of two mechanisms of regulation of heat shock genes in eubacteria. First, it was found that the inverted repeat sequence CIRCE (controlling inverted repeat of chaperone expression) located near the promoter region of the heat shock gene is involved in the regulation of heat shock response in gram-positive bacteria and some ␣-subdivision gram-negative Proteobacteria (1, 37, 39, 46, 48, 53, 60) . The inverted repeat sequence is conserved as a consensus sequence of TRGCACTY-9 bp-RAGTGCYA in several bacteria and is thought to be an operator sequence for transcriptional regulation (58) . Second, a heat-inducible alternative sigma factor of the RNA polymerase ( 32 )-mediated regulation process in ␣-and ␥-subdivision Proteobacteria was proposed. In E. coli, the heat shock genes possess special promoter sequences that can be recognized by 32 but not vegetative sigma factor 70 (13) , and the expression of the heat shock gene depends on the amount of 32 molecules in the cell (49) . Because rpoH genes encoding 32 were isolated and characterized from several ␣-and ␥-subdivision Proteobacteria (6, 17, 35, 36, 56) and because the promoter sequences of heat shock genes from these bacteria have homologies to the E. coli 32 -dependent promoter sequence (10, 12, 18, 47) and can be recognized by other bacterial 32 molecules (10, 31, 32, 36) , the 32 -mediated mechanism is thought to be well conserved among this group of bacteria. The heat shock promoter sequence of the N. europaea dnaK gene revealed by primer extension analysis had a strong homology to those of ␣-and ␥-subdivision Proteobacteria, but a typical inverted repeat sequence was not found around the transcription start sites of the dnaK gene. These results suggest that the expression of the N. europaea dnaK gene may be regulated by the 32 -mediated process. Moreover, this type of regulation mechanism is also shown to be conserved in ␤-subdivision Proteobacteria as well as ␣-and ␥-subdivision Proteobacteria.
Nitrification by ammonia-oxidizing bacteria is particularly susceptible to inhibitions by several environmental stresses as well as an elevated temperature (5, 24) . As a feature of nitrification inhibition, several compounds have been known to inhibit AMO activity at low concentrations. Because AMO contains copper in its active center, metal binding compounds reversibly inhibit its activity (5, 24) . Furthermore, AMO is able to oxidize some compounds as alternative substrates of ammonia, and these compounds inhibit AMO activity as competitive inhibitors (5) . Among alternative substrates for AMO, in the case of some halogenated compounds such as trichloroethylene (25) and nitraphyrin (52) , the resulting oxidized compounds behave as protein-modifying agents that irreversibly inactivate not only AMO but also other proteins in the cells. The cells exposed to such halogenated compounds strongly lost their viability due to the irreversible inactivation of proteins compared with AMO inhibitions by metal binding compound and reversible competitive inhibitors. Because ammonia-oxidizing bacteria have been used widely for biological removal of ammonia from wastewater, lethal stresses such as elevated temperature and contamination of halogenated compounds cause serious problems for the effective treatment of wastewater. Since heat shock proteins are overexpressed under sublethal stress conditions as a protection mechanism, we can detect the stress conditions for ammonia-oxidizing bacteria and control the nitrification process in wastewater treatment plants by monitoring the heat shock gene expression in N. europaea cells.
